Leaving group stabilization by metal ion coordination and hydrogen bond donation is an evolutionarily conserved feature of group I introns.
To understand the behavior of group I introns on a biologically fundamental level, we must distinguish those traits that arise as the products of natural selection (selected traits) from those that arise as the products of neutral drift (non-selected traits). In practice, this distinction relies on comparing the similarities and differences among widely divergent introns to identify conserved traits. Here we address whether the strategies used by the eukaryotic group I intron from the Tetrahymena ciliate to stabilize the leaving group during splicing are maintained in the group I intron from the widely divergent Azoarcus bacterium. A substrate analogue containing a 3'-phosphorothiolate linkage, in which a sulfur atom replaces the bridging 3'-oxygen atom of the scissile phosphate, reacts 20-fold slower in the Azoarcus reaction than the corresponding unmodified substrate in the presence of Mg(II) as the only divalent cation. However, Mn(II) relieves this negative effect such that the 3'-S-P bond cleaves 21-fold faster than does the 3'O-P bond. Other thiophilic divalent metal ions such as Co(II), Cd(II), and Zn(II) similarly support cleavage of the S-P bond. These results indicate that a metal ion directly coordinates to the leaving group in the transition state of the Azoarcus ribozyme reaction. Additionally, the 3'-sulfur substitution eliminates the approximately 10(3)-fold contribution of the adjacent 2'-OH to transition state stabilization. Considering that sulfur accepts hydrogen bonds weakly compared to oxygen, this result suggests that the 2'-OH contributes to catalysis by donating a hydrogen bond to the 3'-oxygen leaving group in the transition state, presumably acting in conjunction with the metal ion to stabilize the developing negative charge. These same catalytic strategies of metal ion coordination and hydrogen bond donation operate in the Tetrahymena ribozyme reaction, suggesting that these features of catalysis have been conserved during evolution and thus extend to all group I introns. The two ribozymes also exhibit quantitative differences in their response to 3'-sulfur substitution. The Azoarcus ribozyme binds and cleaves the phosphorothiolate substrate more efficiently relative to the natural substrate than the Tetrahymena ribozyme under the same conditions, suggesting that the Azoarcus ribozyme better accommodates the phosphorothiolate at the active site both in the ground state and in the transition state. These differences may reflect either a less tightly knit Azoarcus structure and/or spatial deviations between backbone atoms in the two ribozymes that arise during divergent evolution, analogous to the well-documented relationship between protein sequence and structure.